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Abstract 

The purpose of this study was to develop an enzyme-linked immunospot assay (ELISpot assay) that can be used with 
human adherent cells. While standard enzyme-linked immunosorbent assays (ELISAs) are available and widely used and 
ELISpot assays are used for nonadherent lymphocytes, no ELISpot assay has been developed for adherent cells. We used 
primary human fibroblasts from four different tissues (myometrium, lung, gingiva, and orbit), either unstimulated or 
interleukin (IL)-l (3-activated, to evaluate an ELISpot assay. Antibody pairs for IL-6 and IL-8 were used and results were 
compared to a standard ELISA. We found that we could reliably detect IL-6 and IL-8 spots with as few as 10 fibroblasts. 
Optimal cell numbers were 50 cells per well incubated for 8 h, although spots appeared as early as 2 h after incubation. 
Spots were absent when cells, primary, or secondary anti-cytokine antibodies were omitted from the protocol. Spot number 
and size can be ascertained using current automated ELISpot reader technology. The frequency of IL-6 and IL-8-producing 
human fibroblasts could also be determined. For example, 60% of the lung fibroblasts express IL-6, but IL-8 can be detected 
from only 40% of the cells. Approximately 80% of the human orbital fibroblasts make IL-6, whereas approximately 50% 
generate IL-8 following IL-1(3 stimulation. These new findings show that fibroblasts from different human tissues display 
different frequencies of cytokine production and this further supports the concept of fibroblast diversity. The sensitivity of 
this new ELISpot assay is adequate for cytokine detection in just a few cells, unlike the standard ELISA. It should permit 
ascertaining the frequency of fibroblasts and other adherent cells that produce cytokines and, if desired, can be used in 
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tandem with a standard ELISA to determine total cytokine produced. Moreover, the assay is suitable for normal human 
adherent cells that are often short-lived and difficult to cultivate. 

© 2004 Elsevier B.V. All rights reserved. 

Keywords: Fibroblast; ELISpot; Adherent Cells; Cytokine 


1. Introduction 

Cytokines are cell signaling proteins crucial for 
both autocrine and paracrine means of cell-cell 
communication. These molecules also function as 
key regulators of inflammation and wound healing 
and as such are important disease targets. Cytokines 
are widely known to be secreted by lymphocytes such 
as T cells, but are also produced by non-bone marrow- 
derived cells such as tissue structural cells. Specifi¬ 
cally, fibroblasts have been shown to produce a 
cascade of immunoregulatory and proinflammatory 
mediators, such as IL-6 and IL-8 (Sempowski et al., 
1998). These findings support the emerging role of 
fibroblasts as more than just structural cells as they 
play an active role in promoting and regulating 
inflammation. 

The enzyme-linked immunosorbent assay (ELISA) 
method has become a standard technique for deter¬ 
mining the concentration of a cytokine, and other 
proteins of interest, in body fluids and culture medium 
from cells such as fibroblasts. Detection and quanti¬ 
fication of cytokines is important for assessing in¬ 
flammation and for ascertaining their role in infection 
and immune-mediated diseases. The ELISA assay has 
the advantage of being highly specific when mono¬ 
clonal antibodies are used and quick and easy to 
perform on a large number of samples. But cytokines 
are active at low concentrations (10 -lo -10 -15 M) 
and circulate in the body at levels of less than 10 pg/ 
ml, a concentration often too low for detection by a 
standard ELISA (Schmittel et al., 2000). The level of 
cytokine present in culture media can also be too low 
to detect by this method. 

The enzyme-linked immunospot assay (ELISpot) 
or ELISA spot assay has been used to detect antibody- 
producing B lymphocytes (Czerkinsky et al., 1983) 
and cytokine-producing T lymphocytes (Czerkinsky 
et al., 1988). This technique is sensitive and easy to 
use for determining the frequency of tumor-specific T 


lymphocytes during the evaluation and development 
of vaccines (Schmittel et al., 2000). It originally 
replaced the standard chromium-release assay, allow¬ 
ing for a more simplified, shorter and more sensitive 
assay that did not require radioactivity. The ELISpot 
assay is a modified form of the ELISA, with the 
advantage of capturing a cytokine of interest produced 
by a cell directly onto a surface, allowing for evalu¬ 
ation at the single-cell level (Meierhoff et al., 2002). 
ELISpots can be up to 400 times more sensitive than a 
conventional ELISA because detected protein is cap¬ 
tured directly onto a plate before having the chance to 
be diluted in the culture supernatant or captured by 
cytokine receptors on adjacent cells (Helms et al., 
2000). In addition to its sensitivity, the ELISpot assay 
produces a spot that has size and morphology, char¬ 
acteristics that can be used to characterize the kinetics, 
quality and quantity of the cytokine produced by an 
individual cell. Furthermore, the number of spots per 
number of cells plated can be used to determine the 
frequency of cells producing the cytokine of interest, 
something that an ELISA is unable to accomplish. All 
of these advantages taken into account, the ELISpot 
assay has the ability to distinguish between a great 
response from a few cells and a small response from a 
large number of cells (Meierhoff et al., 2002). 

ELISAs have been extensively used to detect the 
secreted levels of a protein of interest from a popula¬ 
tion of adherent cells in culture, but they are unable to 
yield information about individual cells in contrast to 
the ELISpot. To date, a method using the ELISpot 
assay had not been described for use with adherent 
cells such as fibroblasts. Such an assay would permit a 
sensitive means of detecting a cytokine and allow 
frequency analysis. In addition, the use of small cell 
numbers from human tissue and the ability to test 
adherent cells prior to their cultivation in vitro makes 
this assay very advantageous. We report here an 
ELISpot applicable to human adherent structural cells. 
This assay will also find wide applicability in further 
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determining the cytokine production of fibroblasts and 
other cells. We used this new assay to examine IL-6 
and IL-8 expression in each of four different human 
fibroblast cell strains, derived from four different 
tissues (myometrium, lung, gingival, and orbit) fol¬ 
lowing stimulation with IL-1|3. We compare use of the 
ELISpot assay vs. the ELISA method to evaluate 
cytokine production by the fibroblasts. 

2. Materials and methods 

2.1. ELISpot assay 

Commercially available matched antibody pairs for 
IL-6 (BD Biosciences, San Diego, CA) and IL- 
8 (Pierce/Endogen, Rockford, IL), previously opti¬ 
mized for use in ELISA, were used. i ^BMi ot exfirif 
ments were performed in a Multi Screen 96-well 
HHtfatih M^i td (Multi Screen-IP sterile plate, 0.45 
pM hydrophobic) (Millipore, Bedford, MA), and 
ELISA experiments were performed in a 96-well 
sterile tissue culture plate (BD Biosciences). ELISpot 

ug/mll in sterile 

carbonate buffer (1 M NaHC0 3 , pH 8.2) at 50 pl/well, 
overnight at 4 °C (alternatively for 1 h at 37 °C). 
Antibodies were removed and replaced with 200 pi/ 

(MEM), (Gibco, 

Grand Island, NY) containing 10% fetal bovine serum 
(FBS; Hyclone, Logan, UT) for 1 h at 37 °C. The 
plates were washed three times with sterile wash 
buffer (phosphate-buffered saline, PBS, containing 
0.02% Tween-20) and the cells plated at densities up 
to 100 cells/well in 100 pl/well MEM containing 10% 
FBS with or without IL-1 ( 3 » (10 ng/ml) (R&D Sys¬ 
tems, Minneapolis, MN). The plates were allowed to 
incubate for 2-10 h after which they were washed 
three times with wash buffer. Biotinylated antibodies 
for either IL-6 (1 pg/ml) (BD Biosciences) or IL-8 (0.2 
pg/ml) (Pierce/Endogen) were added in 50 pl/well of 
jfcl^ ent Bll uent (PBS containing 5% bovine serum 
albumin, BSA, 0.01% NaNA 

overnight at 4 °C (alternatively for 1 h at 37 °C). The 
fj|aje§' were was MMEBfr times s with wash buffer, then 
fPjfp tavidin alkaline-phosphatase conjugate (BioRad, 
Hercules, CA) djluted lilOOO in reagent $flfrent was 
added at 50 pl/well and allowed to incubate at 37 °C 


for 30 min. The plates were washed three times with 
wash buffer and then developed with 50 pl/well 5- 
bromo-4-chloro-3-indolyl phosphate p-toluidine salt 
IMS/ nitroblue tetrazolium chloride (NBT) chromo¬ 
gen liquid substrate (Sigma, St. Louis, MO) for 5 min. 
The reaction was stopped by washing three times with 
water, and the plates were allowed to dry at room 
temperature. Analysis of the wells was conducted by 
punching out the filters using an eight-well ELISpot 
puncher onto a pressure sensitive 96-well plate sealer 
(Costar, Coming, NY). This was then scanned at 600 
dpi resolution using a flat bed scanner (Hewlett- 
Packard, ScanJet 6300C, Palo Alto, CA). The ELI¬ 
Spot images were then enlarged on the computer 
monitor to show detail, and spots were counted by 
eye. In addition, selected plates were also sent to 
ZellNet Consulting (New York, NY) for spot count 
and spot area analysis. 

2.2. Time course 

To determine whether adherent cells can be used in 
an ELISpot assay and to determine optimal time 
points for IL-6 and IL-8 detection, human fibroblasts 
were stimulated with or without IL-1 p (10 ng/ml) for 
2-10 h. As a control for nonspecific antibody bind¬ 
ing, wells were left without cells, or without primary 
Iff secondary antibody- for "a ■peri od b ft 8 ? fk 

2.3. Cell titration and ELISA comparison 

To determine optimal cell density and the sensitiv¬ 
ity of the ELISpot over ELISA, fibroblasts were 
plated with 10-1000 cells/well and stimulated with 
or without IL-113 for 8 h, either in a filtration plate or 
in a tissue culture plate. Following 8 h of incubation, 
the filtration plate was developed as described in 
Materials and methods, scanned by Zellnet Consulting 
and analyzed for spot count and spot area. The super¬ 
natants were collected from the tissue culture plate 
and analyzed by ELISA using the same antibodies and 
methods as the ELISpot protocol, except that p-nitro- 
phenylphosphate (pNPP; BioRad) was used for plate 
development and the plate was read on a Benchmark 
Microplate spectrophotometer (BioRad) at an absor¬ 
bance of 405 nm. IL-6 and IL-8 concentrations were 
determined using a standard curve of 39-2500 pg/ml 
(IL-6) and 9-600 pg/ml (IL-8). 
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2.4. Cell strains 

All cultures were non-transformed primary human 
fibroblast strains isolated in our laboratories from 
individuals whom had previously given informed 
consent (Fries et al., 1995; Koumas et ah, 2001; 
Henrikson and Smith, 1994). Briefly, the fibroblast 
strains were established from tissue explants grown in 
DMEM containing 10% FBS. They stained positively 
for vimentin and negatively for CD45, cytokeratin, 
and Factor VIII, consistent with a fibroblastic pheno¬ 
type. The Myo2 (myometrial) strain was isolated from 
normal myometrium, L828 (lung) from a neonate, G- 
38 (gingival) from periodontal surgery, and MKI 
(orbital) from Graves’ ophthalmopathy decompres¬ 
sion surgery. 

3. Results 

3.1. Time course 

We first evaluated several different human fibro¬ 
blast strains for their ability to produce IL-6 and IL- 
8 by specific ELISpot analysis. We examined human 
myometrial, lung, gingival and orbital fibroblasts with 



IL-6 IL-8 


Fig. 2. Control studies validating ELISpots for IL-6 and IL-8. Lung 
(L828) and orbital (MKI) fibroblasts were plated on a filtration plate 
at a cell density of 50 cells/well, with or without IL-lp. (10 ng/ml) 
for 8 h. Control wells included no primary antibody, no secondary 
antibody, or the absence of cells. The ELISpot method was used to 
detect IL-6 and IL-8 production. Spots were detected only when 
both primary and secondary antibodies were present. 

or without IL-1 (3 activation. IL-1 p» has been shown to 
be a potent activator of fibroblasts and induces IL-6 
and IL-8 production in fibroblasts (Cao et al., 1998). 
The production of spots was faintly detected at 2 h and 
strongly present at 10 h of incubation (Fig. 1). This 


Myo2 L828 


G-38 MKI 


IL-1 p: - + - + - + - + 



Fig. 1. IL-6 and IL-8 ELISpot time course using human fibroblasts from various tissues. Myometrial (Myo2), lung (L828), gingival (G-38) and 
orbital (MKI) fibroblast cell strains were plated at 50 cells/well (in duplicate) and treated with IL-1 p. (10 ng/ml) for 2-10 h. IL-6 and IL- 
8 production was detected using the ELISpot method. 
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Fig. 3. Comparison between ELISpot and ELISA for IL-6. Lung (L828) (A-D) and orbital fibroblasts (E-H) were plated on a filtration plate or 
a culture plate (in duplicate) at a density of 10-1000 cells/well either with or without IL-1 ( 3 . (10 ng/ml) for 8 h. Supernatants were collected and 
analyzed by ELISA (B + F). The spots in section (A) and (E) were counted by an ELISpot plate reader and plotted (C + G). Spots in section (A) 
and (E) were analyzed for area using an ELISpot reader and the total area of spots in each well (pM 2 ) is calculated (D + H). IL-6 production by 
the orbital fibroblasts (MKI) shows an equal number of spots produced when comparing untreated to IL-1 p. treated cells (G). The increased IL-6 
production produced by IL-1 ( 3 . stimulation can be detected when spot area is taken into account (H). Results are expressed as means ± standard 
deviation from two separate well counts. 
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Fig. 4. Comparison between ELISpot and ELISA for IL-8. Lung (L828) (A-D) and orbital fibroblasts (E-H) were plated on a filtration plate or 
a culture plate (in duplicate) at a density of 10 -1000 cells/well either with or without IL-1 (3 (10 ng/ml) for 8 h. Supernatants were collected and 
analyzed by ELISA (B + F). The spots in section (A) and (E) were counted by an ELISpot plate reader and plotted (C + G). Spots in section (A) 
and (E) were analyzed for area using an ELISpot reader and the total area of spots in each well (pM 2 ) is plotted (D + H). Results are expressed as 
means ± standard deviation from two separate well counts. 
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was the case regarding both IL-6 and IL-8 production 
by each of the human fibroblast strains. In addition, 
spots detected by anti-IL-8 antibodies appeared larger 
and more diffuse than those detected by the anti-IL-6 
antibodies. An optimal time point of 8 h was chosen 
due to low background as well as defined spots. 

3.2. Specificity 

Incubation of the Multi Screen filter plates without 
cells or by omitting primary or secondary antibody 
resulted in an absence of spots. Spots were detected 
only when both primary and secondary antibodies 
were present. This was true for each of the four 
fibroblast strains examined. Fig. 2 shows L828 (lung) 
and MKI (orbital) representative fibroblast cell strains. 

3.3. Adherent fibroblast titration and ELISA 

ber required to perform the ELISpot assay by com- 

fibroblast; strains: Fig.; | '(A;A : E), (lE^ff and_< Fig. v 4 

corresponding spot count for untreated and IL-1 (3»- 
treated cells 'at- cell densiti ek ranging -frdmlO.to/lO.OO 
cells/well. L828 and MKI fibroblasts are shown as 
representative cell strains. Wells with high spot 
densities, those with more than 100 cells, could not 
be reliably counted. Depending on the cell strain 
used, 50 or 100 cells/well exhibited the greatest 
increment with regard to the increased number of 
spots/well following IL-1|3 stimulation. For example, 
L828 fibroblasts stimulated with IL-1|5 at a density 
of 100 cells/well yielded approximately 3.5- (IL-6) 
and 3.8 (IL-8)-fold increase in the number of spots 
over untreated cells. However, MKI fibroblasts failed 
to exhibit a difference in the number of IL-6 spot 
counts, between untreated and IL-1 stimulation, at 
any cell density. To determine if the size of the spots 
and not just the number of spots represents a change 
in protein quantity produced by the cells, the total 
area of the spots in a well was analyzed by ZellNet 
Consulting. When comparing the total spot area/well 
(in pM 2 ), an even larger induction of IL-6 (Fig. 3 
(D + H)) and IL-8 (Fig. 4 (D + H)) production can be 
seen following IL-1 ^ treatment in both L828 and 
MKI fibroblast strains. For example, L828 fibro¬ 


blasts stimulated with IL-1 at a density of 100 
cells/well yielded approximately an 11.1- (IL-6) and 
48.4 (IL-8)-fold increase in the area of spots over 
untreated cells. Surprisingly, an induction in IL-6 
was revealed in MKI fibroblasts with a yield of 2.9- 
(IL-6) and 268.8 (IL-8)-fold increase in the area of 
spots over untreated cells. Next, ELISAs for IL-6 
(Fig. 3 (B + F)) and IL-8 (Fig. 4 (B + F)) were 
performed on the cellular titration. When comparing 
the sensitivity of the ELISpot assay with that of the 
ELISA, the ELISA method could quantify total 
cytokine production, but it had a higher limit of 
detection and was not as sensitive as the ELISpot. 
For"examt)leKhei BM^ r> can detect IL-8 production 
byJMKF.at a cell .density, of 50 cells/well: (Fig: : 4F^ 

(Fig. 4G). However, at cell densities of 500 and 
1000 cells/well, the ELISA is able to detect a 
difference in protein production, densities too high 
for spot count determination. Another interesting 
finding from these studies concerns the greater 
proportion of fibroblasts expressing IL-6 over those 
expressing IL-8. For example, 60% of the L828 
fibroblasts make IL-6, but only 40% make IL-8. 
Similarly, approximately 80% of the MKI fibroblasts 
make IL-6, whereas approximately 50% generate IL- 
8, following IL-1 (3 stimulation. These data show that 
fibroblasts from different human tissues display dif¬ 
ferent frequencies of cytokine production. 

4. Discussion 

Herein we describe a new ELISpot assay for 
adherent cells. One of the driving reasons for devel¬ 
opment of this assay was that fibroblasts and other 
adherent cells have a finite lifespan and are often 
attainable only in small numbers. In addition, we 
have attempted to develop a means of increasing the 
sensitivity of the standard ELISA and of determining 
the frequency of cytokine-producing adherent cells. 
This report, to the best of our knowledge, is the first 
to use an ELISpot assay with adherent cells. This 
ELISpot technique offers many advantages over the 
ELISA method. First and foremost, ELISpots are 
convenient because they can be completed with 
fewer cells than an ELISA, as few as 10-25 cells 
and, therefore, cells that are at a very low passage. 
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This makes it possible to use the ELISpot with 
poorly growing human cells that may not propagate 
well and good for early detection of freshly 
explanted human cells. The antibodies used for 
cytokine detection in the two assays are identical, 
they are specific monoclonal antibodies that when 
used in conjunction with control wells are able to 
assess nonspecific binding. The ELISpot is a quick 
assay, faster than an ELISA when taking culture time 
into account, and it allows determination of the 
frequency of cells producing the cytokine of interest. 
In addition, analysis of spot size (or area) allows for 
quantitation of protein, or at least allows for a further 
comparison between treatments. We have shown that 
this method of ELISpot is reliable, producing a linear 
relationship between the number of spots and the 
number of cells cultured. It is a very versatile assay, 
used in our studies for two different cytokines and 
with four different fibroblast strains from four dif¬ 
ferent tissue types. For our assays, IL-1|2> was used 
as a stimulus to induce fibroblast activation and to 
increase the production of cytokines. 

The ELISpot assay for adherent cells has some 
disadvantages. Fibroblasts are large cells that syn¬ 
thesize many different cytokines. High levels of 
cytokine expression can produce a diffuse spot¬ 
making analysis somewhat more difficult. However, 
this limitation can be overcome by optimizing the 
cellular incubation time needed for spot detection. 
In addition, manual spot counts can prove to be 
labor intensive if the appropriate hardware and 
software is not available. Analysis software is es¬ 
sential for the ability to evaluate spot area; however, 
multiple commercial services can be utilized for this 
purpose. 

We believe that ELISpot analysis for fibroblasts 
could be used on other human/rodent adherent cells, 
such as those from epithelium, endothelium and 
tumors to detect many different cytokines and growth 
factors. It has the potential to be used not only for 
normal cell strains, but also theoretically on disrupted 
tissue. Any established matched antibody pair could 
be easily adapted for use in the ELISpot assay, 
including the possibility of using two-color detection 
for cytokines produced by adherent cells. 
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